Infection with the opportunistic pathogen Pseudomonas aeruginosa is effectively controlled through tightly coordinated inflammation in healthy individuals. Dysregulated inflammation in cystic fibrosis greatly increases susceptibility to P. aeruginosa and lung damage. Recently, we identified regulator of calcineurin-1, a small, conserved protein that suppresses the NFAT pathway by inhibition of calcineurin and functions as a central negative regulator of multiple inflammatory transcription factors after P. aeruginosa lung infection, implying a role for the canonical NFAT pathway in P. aeruginosa infection. Calcineurin is a calciumcalmodulin-responsive phosphatase that dephosphorylates NFAT and promotes NFAT nuclear translocation and transcriptional activity. The contribution of the NFAT pathway to host defense against P. aeruginosa remains poorly characterized. In this study, we found that NFAT was rapidly and transiently activated after P. aeruginosa infection both in vitro and in vivo. Deficiency of calcineurin Ab caused impaired activation of NFAT and decreased inflammatory cytokine production in vivo. Finally, we demonstrated that the cross-talk between the NFAT and NFкB pathways coordinately transactivate host response genes during P. aeruginosa infection. Together, these results demonstrate for the first time that NFAT is activated through calcineurin and interacts with NFкB after P. aeruginosa lung infection, and contributes to the host inflammatory response.
Introduction
Pseudomonas aeruginosa is a ubiquitous, opportunistic, Gramnegative bacterial pathogen that is commonly found in ventilatorassociated pneumonia [1] and represents the leading cause of morbidity and mortality among patients with CF and immunocompromised individuals [2, 3] . In healthy individuals, P. aeruginosa elicits a tightly controlled innate immune response associated with significant neutrophil recruitment, which is sufficient to clear the infection [4] . Dysregulation of inflammatory responses is associated with increased susceptibility to infection and considerable damage to host tissues [5] [6] [7] [8] . This phenomenon is highlighted in disease states such as CF where the P. aeruginosa-induced inflammation is both delayed and prolonged, resulting in chronic colonization associated with deteriorating lung function [9, 10] . Hence, understanding the components of an effective host defense against the bacteria is critical for the development of novel preventive and therapeutic strategies for the treatment of patients susceptible to P. aeruginosa infection [11, 12] .
The NFAT family of transcription factors arose relatively recently in evolutionary history, and can be separated into calcineurin-dependent (NFATc1, -c2, -c3, and -c4) and -independent (NFAT5) family members [13] . Canonical activation of NFATc family members requires an increase in intracellular levels of calcium obtained from endoplasmic reticulum or the extracellular environment, leading to activation of the Ca 2+ / calmodulin-dependent phosphatase calcineurin, which dephosphorylates multiple residues on NFATc proteins and exposes a nuclear localization sequence, leading to nuclear import [14] . Once in the nucleus, NFATc proteins interact with nuclear binding partners (NFATn) to coordinate the expression of NFAT-dependent genes, including a variety of inflammatory and immunomodulatory cytokines [15, 16] .
Calcineurin consists of both CnA and CnB subunits [17] . The catalytic subunit exists as the ubiquitously expressed a (CnAa) and b (CnAb) isoforms, as well as a g isoform (CnAg) that is expressed primarily in the brain and testes. Similarly, the regulatory subunit consists of both the ubiquitously expressed CnBa and the testes-specific CnBb isoforms. Despite their overlapping tissue expression and considerable sequence homology, CnAa and -Ab have been found to exert biologically distinct roles in vivo, particularly with respect to NFAT activation, where CnAb plays a dominant role and CnAa is largely dispensable [18] [19] [20] [21] [22] [23] [24] .
Activation of the calcineurin-NFAT axis plays critical roles in the acquired immune response, and it represents a frequent target of immunosuppressive therapy among transplant recipients [25, 26] . More recently, roles for NFATc family members in bridging innate and adaptive immune responses, as well as in the regulation of inflammatory responses, have also been identified [27, 28] . However, the role of the calcineurin-NFAT pathway during P. aeruginosa infection remains completely uncharacterized.
Recently, our group identified a critical role for RCAN-1 as a central negative regulator of P. aeruginosa-induced inflammation in vivo, where RCAN1-deficient mice displayed uncontrolled systemic inflammation resulting in greatly increased mortality [5] . The enhanced inflammatory responses were associated with dysregulation of multiple inflammatory transcription factors including NFAT, raising the possibility that the calcineurin-NFAT axis contributes to host defense against P. aeruginosa. In the current study, we confirmed that the calcineurin-dependent NFAT isoforms NFATc1 and -c3 are rapidly and transiently activated after P. aeruginosa infection, both in vitro and in vivo. Furthermore, we demonstrated that CnAb deficiency leads to impaired P. aeruginosa-mediated inflammatory responses associated with decreased NFAT and NFkB activity. Finally, we uncovered evidence of collaboration of NFAT and NFkB in P. aeruginosa infection. These results demonstrate that the calcineurin-NFAT pathway contributes to the host response to P. aeruginosa infection.
MATERIALS AND METHODS

Animals
Heterozygous calcineurin Ab mice (CnAb +/2 ) were purchased from The Jackson Laboratories (Bar Harbor, ME, USA) [29] . Heterozygous breeders were used to establish separate wild-type (CnAb +/+ ) and CnAb-deficient (CnAb 2/2 ) breeding colonies, which were maintained in the same specific pathogen-free facility. All animal protocols were approved by the University Committee on Laboratory Animals, Dalhousie University, in accordance with guidelines of the Canadian Council on Animal Care.
Abs
Abs to NFATc1 (sc-13033X), NFATc2 (sc-7296X), NFATc3 (sc-8321X), NFATc4 (sc-13036X), NFkB p50 (sc-8414X), and NFkB p65 (8008X) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Bacterial preparation
P. aeruginosa were cultured as published [6] . In brief, suspension cultures were grown until they reached the early stationery phase. Bacteria were washed in PBS and resuspended in saline for in vivo experiments or PBS for in vitro assays. Mice were infected as described below.
Cell culture
Bone marrow-derived Mfs (BMMs) were cultured as described elsewhere [30] . In brief, bone marrow cells were flushed from CnAb +/+ or CnAb 2/2 femurs and tibias and cultured in complete DMEM (10% FBS, 1% penicillin/ streptomycin, and 30% L929 supernatant). The medium was changed every 2 to 3 d by replacing half initially, and the cells were cultured up to 7 d to maturity. The cell culture medium was replaced with antibiotic-free DMEM containing 10% FBS before P. aeruginosa infection.
Cytokine production
Concentrations of cytokines in the lungs, BALF, serum, and culture supernatants were determined by ELISA as described previously with Ab pairs from R&D Systems (Minneapolis, MN, USA) [31] .
Lung infection with P. aeruginosa and collection of lung and BALF
For bacterial clearance experiments P. aeruginosa strain 8821 (a gift from Dr. A. Chakrabarty, University of Illinois, Chicago, IL, USA), a mucoid strain isolated from a patient with cystic fibrosis was used [32] . Mice were infected with 1 3 10 9 CFU of P. aeruginosa intranasally. After 4 or 24 h, BALF was obtained by lavaging the lung with 3 3 1 ml PBS containing soybean trypsin inhibitor (100 mg/ml). The lung tissue, spleen, and blood were obtained for detection of cytokines, and MPO and bacterial CFU counting. Lung tissue and spleens were homogenized in 50 mM HEPES buffer (4 ml/1 mg lung) containing soybean trypsin inhibitor (100 mg/ml). For counting bacterial CFU, 10 ml of the homogenate, BALF or blood was plated onto an agar dish and incubated for 24 h at 37°C. The lung homogenates were centrifuged at 4°C for 30 min at 18,000 g. The supernatants were stored at 280°C for later cytokine analysis. The pellets were resuspended and homogenized in 0.5% cetyltrimethylammonium chloride (CTAC) (4 ml/mg lung) and centrifuged as above. The cleared extracts were used for MPO assay. For detection of cytokines and MPO activity, BALF was centrifuged at 480 g for 5 min at 4°C. The supernatants were used for cytokine analysis. The pellets were resuspended in 1 ml NH 4 Cl (0.15 M) and centrifuged as before to lyse red blood cells. The supernatants were discarded, and the pellets were resuspended in 0.5% CTAC (250 ml/mouse) and centrifuged. The cleared extracts were used for the MPO assay.
MPO assay
The MPO assay was used to determine the infiltration of neutrophils into the lungs of the mice [33] . In brief, samples in duplicate (75 ml) were mixed with equal volumes of the substrate (3,39,5,59-tetramethyl-benzidine dihydrochloride, 3 mM; resorcinol, 120 mM; and H 2 O 2 , 2.2 mM) for 2 min. The reaction was stopped by adding 150 ml of 2 M H 2 SO 4 . The OD was measured at 450 nm.
Nuclear extract preparation and EMSA
Nuclear protein extracts were obtained using a nuclear extract kit (Active Motif, Carlsbad, CA, USA) according to the manufacturer's protocol. EMSA was performed as previously described [34] . In brief, probe labeling was accomplished by treatment with T4 kinase (Thermo Fisher Scientific, Waltham, MA, USA) in the presence of [ 32 P] adenosine triphosphate (PerkinElmer, Waltham, MA, USA). Labeled oligonucleotides were purified on a Sephadex G-25 M column (GE Healthcare, Pittsburgh, PA, USA). Nuclear protein (6 mg) was added to a 10 ml volume of binding buffer supplemented with 1 mg of poly(dI-dC) (GE Healthcare) for 15 min. Labeled double-stranded oligonucleotide was added to each reaction mixture, which was incubated at room temperature for 30 min and separated by electrophoresis on a 6% polyacrylamide gel in 0.5 times Tris-boric acid-EDTA buffer. Gels were vacuum-dried and subjected to autoradiography. The following synthesized double-stranded oligonucleotides were used: NFAT binding consensus sequence on mouse IL-13 promoter 59-AAGGTGTTTCCCCAAGCCTTTCCC-39 (Millipore-Sigma, Billerica, MA, USA) and NFkB consensus sequence on the IL-6 promoter 59-AGTTGAGGGGACTTTCCCAGGC-39 (Promega, Madison, WI, USA).
A supershift assay was performed as described previously [35] . In brief, samples were prepared as described above and then incubated with 4 mg of the indicated Ab on ice for 45 min before incubation with [ 32 P]-labeled dsDNA probes. Samples were resolved and developed as described above.
Cell staining
Lung and BALF cells from CnAb +/+ or CnAb 2/2 were isolated, and ;5 3 10 5 of cells were spun on glass slides by cytospin. Cells were air dried on slides and stained with a Diff-Quik stain set (Siemens Healthcare Diagnostics, Newark, DE, USA), according to the manufacturer's instructions. In brief, slides were dipped in fixative solution 5 times, followed by 5 times in solution I and 5 times in solution II. After staining, slides were rinsed with H 2 O and air dried. According to the manufacturer's instruction, neutrophils will be stained as blue nucleus, pink cytoplasm, and violet granules. One hundred cells were randomly selected from each sample, and the number of neutrophils was counted, based on the color of stain and neutrophil morphology.
Histology
Mouse lungs were fixed in 10% formalin overnight and then in 100% ethanol for paraffin embedding and sectioning. The slides were deparaffinized with CitriSolv (Thermo Fisher Scientific), rehydrated through decreasing concentrations of ethanol, and stained with Harris H&E to illustrate lung histology.
Statistics
Data are presented as means 6 SEM of the number of experiments indicated in the figure legends. Statistical significance was determined by ANOVA and the post hoc Tukey's honest significance test. Differences were considered significant at P , 0.05.
Scanning densitometry
Scanning densitometry was performed with Scion Image (Scion Corp., Frederick, MD, USA).
RESULTS
Calcineurin-dependent NFAT family members are rapidly activated in vitro and in vivo after P. aeruginosa infection
Mfs are abundant within the alveolar space of the lungs where they play important roles in recognizing and coordinating the immune response against an invading pathogen and have been implicated as critical components of host defense against P. aeruginosa [36, 37] . To determine whether NFAT is involved in Mf-mediated host responses to P. aeruginosa, BMMs were cultured from wild-type mice. Cells were then left uninfected or treated for various times with P. aeruginosa strain 8821, a clinical isolate from the lungs of a patient with CF [32] . Nuclear extracts were prepared and subjected to EMSA for NFAT activity (Fig. 1A) . Scanning densitometry of multiple batches of cells was performed, and a consistent rapid activation of NFAT transcriptional activity was observed, starting within 20 min after infection (Fig. 1B) . These results suggest that NFAT is activated in Mfs in response to P. aeruginosa infection.
To determine which NFAT family members are activated upon P. aeruginosa stimulation, a supershift assay for NFATc1, -c2, -c3, and c4 was performed on nuclear extracts from BMMs collected 1 h after infection (Fig. 1C) . Scanning densitometry was performed and showed that P. aeruginosa primarily induces the transcriptional activity of the calcineurin-dependent NFAT family members NFATc1 and -c3 (Fig. 1D) .
Having observed rapid activation of calcineurin-dependent NFAT family members in Mfs, we next set out to determine whether this phenomenon occurs in vivo after P. aeruginosa lung infection. Mice were left untreated or infected intranasally with 1 3 10 9 CFU of P. aeruginosa strain 8821 for 4-48 h. Lung tissues were collected, and nuclear extracts were prepared and then subjected to EMSA for NFAT activity. A rapid induction of NFAT activity was observed after P. aeruginosa infection, which subsided within 24 h (Fig. 2A) . Activation was quantified by scanning densitometry (Fig. 2B) . Supershift assays were used to identify which family members were activated in the lungs after P. aeruginosa infection. Consistent with the results observed in vitro, the calcineurin-dependent NFAT family members NFATc1 and -c3 are primarily responsible for P. aeruginosa-induced NFAT activity in the lung (Fig. 2C and D) .
Calcineurin Ab deficiency impairs NFAT and NFkB transcriptional activity after P. aeruginosa lung infection
Based on the observation that calcineurin-dependent NFAT family members are rapidly activated after P. aeruginosa infection in vitro and in vivo, we next set out to explore the biologic Figure 1 . Calcineurin-dependent NFAT family members are rapidly activated in BMMs in vitro after P. aeruginosa infection. BMMs were isolated from CnAb +/+ mice and used on culture day 7. Cells were left untreated (NT) or infected with P. aeruginosa (Psa) strain 8821 at an MOI of 1:10 for the indicated times. Nuclear extracts were then prepared and subjected to EMSA for NFAT (A), and supershift assay (C), to identify which NFAT family members were activated. Representative images are from 4 separate experiments on different Mf cultures. Scanning densitometry of multiple batches was performed (B and D) (n = 4 6 SEM). *P , 0.05; **P , 0.01; ***P , 0.001.
contribution of the calcineurin-NFAT axis to host defense against the bacteria. To this end, mice deficient in the calcineurin Ab (CnAb 2/2 ) subunit were used. CnAb was chosen, as previous reports have indicated that this is the subunit primarily involved in calcineurin-mediated immune responses [22] and is responsible for upward of 80% of all cellular calcineurin activity [29] . Wild-type (CnAb +/+ ) and CnAb 2/2 mice were left uninfected, or infected intranasally with 1 3 10 9 P. aeruginosa strain 8821 for 4 or 24 h, after which nuclear extracts were prepared from lung tissues, and subjected to EMSA for NFAT activity. CnAb deficiency decreased, but did not abolish P. aeruginosainduced NFAT activity ( Fig. 3A and B) .
In addition to modulating NFAT activity, calcineurin has also been implicated as a regulator of the proinflammatory transcription factor NFkB [5, 38] . To determine whether CnAb deficiency influences NFkB activity after P. aeruginosa infection, NFkB EMSA was performed on nuclear extracts from the lungs of CnAb +/+ and CnAb 2/2 mice left uninfected, or infected with P. aeruginosa for 4 or 24 h. Consistent with observations for NFAT, CnAb deficiency decreased, but did not abolish NFkB activity in vivo ( Fig. 3C and D ). These findings demonstrate that CnAb plays an important role in the regulation of the proinflammatory transcription factors NFAT and NFkB after P. aeruginosa infection in vivo.
Calcineurin Ab deficiency diminishes NFAT and NFkB activity in vitro in response to P. aeruginosa infection Fig. S1 ). These findings suggest a regulatory role of CnAb in P. aeruginosa-induced NFAT and NFkB activation in vitro.
P. aeruginosa-induced NFAT activity occurs via an IKK-dependent mechanism in Mfs
Calcineurin-independent activation of "calcineurin-dependent" NFAT family members has been reported previously to occur via a IKK-Tpl-2 -mechanism that causes phosphorylation of NFAT Figure 2 . Calcineurin-dependent NFAT family members are rapidly and transiently activated in the lungs after P. aeruginosa infection in vivo. CnAb +/+ mice were infected intranasally with 1 3 10 9 P. aeruginosa (Psa) strain 8821 for 4 h. Mice were euthanized at the indicated time points, and nuclear extracts were prepared from their lungs and subjected to EMSA for NFAT (A). Nuclear extracts from lungs of untreated (NT) and infected mice were subjected to EMSA and supershift to identify which isoforms of NFAT were activated after P. aeruginosa infection (C). Representative images are from 4 separate experiments on different mouse nuclear extracts. Scanning densitometry was performed and expressed as fold change vs. uninfected controls (B and D) (n = 4 6 SEM). **P , 0.01; ***P , 0.001. Age-and sex-matched CnAb +/+ and CnAb 2/2 mice were left uninfected or infected intranasally with 1 3 10 9 P. aeruginosa 8821 for 4 or 24 h. Mice were euthanized, and lung tissues were collected. Nuclear extracts were prepared from lung tissue and subjected to EMSA assay for NFAT (A and B) or NFkB (C and D). Representative images are from 4-5 separate experiments on different mouse nuclear extracts. Transcription factor activity was quantified with scanning densitometry (B and D) (n = 4-5 6 SEM). *P , 0.05. family members at unique residues, leading to nuclear translocation and transcriptional activity [39, 40] . To examine whether a similar mechanism is involved in NFAT activation in Mfs, cells from CnAb +/+ mice were infected with P. aeruginosa in the presence or absence of 3 different IKK inhibitors: BMS345541, sc-514, and sulindac. All 3 inhibitors significantly decreased P. aeruginosa-induced NFAT activity, demonstrating that activation likely proceeds via an IKK-dependent mechanism (Supplemental Fig. S2A and B) . However, Tpl-2 inhibitor (100 nM, 1 or 10 mM) did not affect P. aeruginosa-induced NFAT activation (Supplemental Fig. S2C and D) . The activity of Tpl-2 inhibitor was confirmed by inhibition of P. aeruginosa-induced TNF production by BMMs. Thus, unlike previously proposed mechanisms for IKK-mediated NFAT activation, P. aeruginosa-induced NFAT activation did not depend on the kinase activity of tumor progression locus 2 (Tpl-2), suggesting the existence of a calcineurinindependent, IKK-dependent, Tpl-2-independent pathway for the activation of NFAT in murine Mfs.
Calcineurin Ab deficiency impairs inflammatory cytokine production after P. aeruginosa lung infection NFAT and NFkB are critical regulators of inflammatory cytokine production in vivo. To determine whether dysregulation of these transcriptional factors observed in CnAb-deficient mice affects inflammatory responses during P. aeruginosa lung infection, CnAb +/+ and CnAb 2/2 mice were left uninfected or were infected with P. aeruginosa for 4 or 24 h, after which lung tissues ( Fig. 4A-D) , BALF ( Fig. 4E-H) , and serum ( Fig. 4I-L) were collected and subjected to ELISA analysis to measure the levels of the inflammatory cytokines TNF, IL-6, and IL-1b and the neutrophil chemoattractant MIP-2. Overall, inflammatory cytokine production was significantly reduced in the lungs and BALF in CnAb-deficient animals. A trend toward decreased systemic production of inflammatory mediators was also observed in the serum, although these results failed to reach significance. The production of immunoregulatory cytokines that had been shown to be induced via NFAT-dependent mechanisms in various cell types, including IL-2 [15, 41] , IL-3 [42] , IL-4 [43] , IL-10 [15, 44, 45] , IL-12p70 [15] , and IL-13 [46] were not induced after P. aeruginosa infection, suggesting a proinflammatory role for the transcription factor NFAT during early host responses to the bacteria (Supplemental Fig. S3 ).
To determine whether CnAb deficiency affects cytokine production in Mfs, BMMs from CnAb +/+ and CnAb 2/2 mice were infected with P. aeruginosa (MOI = 10) for 3, 6, and 12 h. Cell-free supernatants were analyzed by ELISA. CnAb deficiency impairs P. aeruginosa-induced production of IL-6, IL-1b, and MIP2 at 12 h, but not TNF (Supplemental Fig. S4 ). ) mice were infected intranasally with 1 3 10 9 CFU of P. aeruginosa strain 8821 or saline (NT) as a control. Mice were euthanized 4 or 24 h after infection, and lung tissue (A-D), BALF (E-H), and serum (I-L) were collected and analyzed for inflammatory cytokines by ELISA (n = 5-10 mice 6 SEM). N.D., not detected. *P , 0.05; **P , 0.01.
CnAb deficiency impairs neutrophil recruitment, but does not impact bacterial clearance after P. aeruginosa lung infection
The recruitment of neutrophils to the site of infection is critical for effective host defense against P. aeruginosa infection [4] . Given the impaired inflammatory responses in CnAb 2/2 animals, we next set out to examine the impact of CnAb deficiency on neutrophil infiltration in vivo. CnAb +/+ and CnAb 2/2 mice were left uninfected, or infected with P. aeruginosa for 4 or 24 h, after which neutrophil infiltration into the lungs (Supplemental Fig. S5A ) and BALF (Supplemental Fig. S5B ) was assessed with an assay for the neutrophil granule-specific enzyme MPO. CnAb deficiency significantly impaired early recruitment of neutrophils in the lungs after P. aeruginosa infection. This effect persisted in the lungs up to 24 h after infection. We also assessed the number of neutrophils infiltrated in the lung and BALF by Diff-Quik staining in response to P. aeruginosa infection. Consistent with the MPO results, CnAb-deficient mice displayed impaired neutrophil infiltration in the lung (Supplemental Fig. S5C ) and BALF (Supplemental Fig. S5D ) compared to the wild-type mice. In addition, the lung histology data suggested that CnAb-deficient mice have a defect in neutrophil recruitment in response to P. aeruginosa infection (Supplemental Fig. S6 ). These results demonstrate that CnAb plays an important role in regulating the inflammatory responses and neutrophil recruitment after P. aeruginosa infection. Despite these differences, no impact was observed on bacterial burden at 24 h after infection (Supplemental Fig. S5E and F) . These results suggest that CnAb contributes to P. aeruginosa-induced inflammation, but it is ultimately dispensable for bacterial clearance.
NFAT and NFkB bind cooperatively and exclusively on their respective promoters after P. aeruginosa infection
To determine whether NFAT and NFkB cooperate during P. aeruginosa infection, BMMs from CnAb +/+ mice were infected with P. aeruginosa strain 8821 at a 1:10 MOI for 30 min. Nuclear extracts were prepared and subjected to EMSA for NFAT and NFkB activities. As expected, NFATc1 Ab and NFATc3 Ab blocked P. aeruginosa-induced NFAT activation. Abs to NFkB p50 and NFkB p65 blocked P. aeruginosa-induced NFAT activation ( Fig. 5A and B) . Abs to NFATc1 and NFATc3 significantly reduced P. aeruginosa-induced NFkB activation ( Fig. 5C and D) . These findings suggest an interaction between NFAT and NFkB during P. aeruginosa infection.
To confirm an interaction between NFAT and NFkB during P. aeruginosa infection in vivo, mice were infected intranasally with 1 3 10 9 P. aeruginosa for 4 h or left untreated. Nuclear extracts were analyzed for NFAT and NFkB activation. Consistent with the findings in Mfs, NFkB p50 Ab or NFkB p65 Ab reduced P. aeruginosa-induced NFAT activation in the lung (Fig. 6A  and B) . Similarly, NFATc1 Ab or -c3 Ab significantly reduced P. aeruginosa-induced NFkB activation in the lung (Fig. 6C and D) .
To further confirm an interaction between NFAT and NFkB during P. aeruginosa infection, unlabeled NFAT and NFkB probes were used to block NFAT and NFkB binding, respectively. Unlabeled NFAT probe blocked NFAT binding in the nuclear extracts from P. aeruginosa-stimulated Mfs, whereas mutant NFAT probes did not (Fig. 7A and B) . Unlabeled NFkB probe also blocked NFAT binding (Fig. 7A and B) . Reciprocally, to determine NFkB binding, unlabeled NFkB probe blocked NFkB binding, whereas unlabeled NFAT probe also reduced blocked NFkB binding in the nuclear proteins from P. aeruginosastimulated Mfs (Fig. 7C and D) . These findings support the notion that NFAT and NFkB bind host DNA cooperatively during P. aeruginosa infection.
DISCUSSION
The calcineurin-NFAT axis plays critical roles in cellular immunity. However, the contribution of the pathway to innate immunity remains poorly defined. Recent work conducted in our lab elucidated a critical role for RCAN-1, a small conserved protein that suppresses NFAT pathway by inhibition of calcineurin, as a negative regulator of inflammation during early host defense against the opportunistic bacterial pathogen P. aeruginosa. Given Figure 5 . NFAT and NFkB cooperate to bind to their respective promoters in Mfs. BMMs were cultured from CnAb +/+ mice and used on culture day 7. Cells were left uninfected (NT) or infected with P. aeruginosa strain 8821 at a 1:10 MOI for 30 min after which nuclear extracts were prepared. Extracts were subjected to EMSA for NFAT (A) and NFkB (C) as well as supershift for NFATc1, NFATc3, NFkB p50, and NFkB p65. Representative images from 3 separate experiments on different Mf cultures. Results were quantified with scanning densitometry (B and D) (n = 3 6 SEM). *P , 0.05; **P , 0.01; ***P , 0.001. the well-characterized role of RCAN-1 as a negative regulator of calcineurin-NFAT signaling, we set out to characterize the role of this axis in host defense against P. aeruginosa. In the current study, we demonstrate that calcineurin-dependent family members (NFATc1 and -c3) are rapidly and transiently activated after P. aeruginosa infection in vitro and in vivo. Using the mice deficient in calcineurin Ab, we identified that the calcineurin-NFAT pathway contributes to P. aeruginosa-induced inflammation. We showed interactions between NFAT and NFкB in the host response to P. aeruginosa.
Our discoveries of crosstalk between the NFkB and NFAT pathways in infection build on several earlier studies. NFAT has a weak DNA-binding capacity and requires interaction with other nuclear transcriptional factors to strengthen NFAT-DNA interactions [47] . NFAT shares a similar structure of Rel homology domain with NFкB [48] . NFAT and NFкB recognize similar DNAbinding sequences and function synergistically to mediate production of cytokines and chemokines [49, 50] . Nuclear colocolization and direct interaction between NFATc1 and NFкB p65 have been seen in cardiomyocytes and contribute to promoting cardiac hypertrophy and ventricular remodeling [51] . Reduced P. aeruginosa-induced NFкB DNA binding in the presence of Abs to NFATc1 or NFATc3 and reduced P. aeruginosa-induced NFAT DNA binding in the presence of Abs NFкB p65 or NFкB p50, suggest the presence of multiple DNAbinding NFAT/NFкB complexes that include NFATc1, NFATc3, NFкB p65, and NFкB p50 proteins. P. aeruginosa stimulation mediates nuclear translocation of NFAT and NFкB. It is likely that NFAT and NFкB physically interact on the promoter of inflammatory cytokines and function synergistically to promote gene expression. Interactions between transcriptional factors can also be mediated through a noncoding RNA, which serves as a scaffold platform or a linker for the transcriptional factor interaction to occur [52] . NFAT also binds to noncoding RNA [53] . Thus, specific mechanisms of the interaction between NFAT and NFkB require further study. 9 CFU/mouse). Four hours later, lung tissues were collected, and nuclear extracts were prepared. Extracts were subjected to EMSA for NFAT (A) and NFkB (C), as well as supershift for NFATc1, NFATc3, NFkB p50, and NFkB p65. Representative images from 3 separate experiments on different mice nuclear extracts. Results were quantified with scanning densitometry (B and D) (n = 3 6 SEM). *P , 0.05; **P , 0.01; ***P , 0.001. Figure 7 . NFAT and NFkB bind cooperatively and exclusively on their respective promoters BMMs were cultured from CnAb +/+ mice and used on culture day 7. Cells were infected with P. aeruginosa strain 8821 at a 1:10 MOI for 30 min, after which nuclear extracts were prepared. Extracts were subjected to EMSA for NFAT (A) and NFkB (C), as well as a competition assay with 1003 excess of unlabeled (cold) wild-type or mutant (mut) probes. Representative images from 3 separate experiments on different cultures of Mfs. Results were quantified with scanning densitometry (B and D) (n = 3 6 SEM). ***P , 0.001.
In addition to the direct interactions between the NFkB and NFAT transcription factors, the crosstalk in the upper stream between the NFkB and NFAT pathways also contributes to P. aeruginosa-induced host response. Previous work has demonstrated that calcineurin can enhance NFkB activity by promoting dissociation and degradation of the inhibitory molecule IkB [38] . Consistent with this view, in the current study, CnAb was found to be essential for maximum NFkB activity. Inhibition of the IKK complex, a critical component of the canonical NFkB pathway, has been demonstrated in earlier work [54, 55] and in the current study to block NFAT transcriptional activation. In our model of acute P. aeruginosa lung infection, this crosstalk appears to serve important roles, both in the enhancement of inflammatory responses against the bacteria, and in creating redundancies to ensure activation of NFAT, even when the canonical calcineurin-NFAT axis is impaired.
Ultimately, CnAb was dispensable for bacterial clearance. Although CnAb clearly contributes to P. aeruginosa-induced inflammation, deficiency of CnAb does not affect the bacterial burden. Considerable NFAT activity also remains in the lungs of CnAb-deficient mice (data not shown). There are multiple isoforms of calcineurin, including 2 other catalytic subunits CnAa and -Ag. Thus, it is possible that these isoforms either compensate for CnAb deficiency, or are responsible for P. aeruginosa-induced NFAT activity in healthy cells. Previous reports have demonstrated that CnAb is responsible for .80% of calcineurin activity in cardiac tissue [29] and is the primary isoform necessary for effective cellular immunity [20, 22] . However, the relative contribution of calcineurin isoforms during early innate immune responses to bacterial pathogens is poorly understood, raising the possibility that other catalytic subunits play prominent roles in calcineurin-mediated inflammation.
The expression of calcineurin-dependent NFAT family members NFATc1, -c2, -c3 and -c4 are cell specific, and the NFAT family members have differential binding ability to coactivators, suggesting that they play a distinct role in the immune system [26] . Recent work has shown that activation of NFAT family members NFATc1 and -c3 plays a critical role in neutrophilmediated innate immunity during fungal infections with C. albicans [56] . However, the results presented here, combined with those in previous studies that used the calcineurin inhibitor cyclosporine A (CsA) [57] indicate that, while the calcineurin-NFAT axis contributes to P. aeruginosa-induced inflammation, it does not affect disease severity or progression. These observations reflect clinical data that suggest that patients taking calcineurin inhibitors are at increased risk of fungal, but not bacterial, pneumonia [58] . There are at least 2 possible explanations for these kingdom-specific roles for the calcineurin-NFAT axis. First, the NFAT activity may play an as-yet-uncharacterized role in innate antifungal immunity that is not required from host defense against bacterial pathogens. Second, as is highlighted in this study, there appears to be multiple pathways for NFAT activation in response to bacterial stimuli, some of which are independent of calcineurin signaling. As a result of this redundancy, even in the presence of calcineurin inhibitors, there may be sufficient residual NFAT activity for an effective inflammatory response to bacterial pathogens. 
